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Airborne All-Sky Imaging of
Equatorial Airglow

1. INTRODUCTION

An all-sky imaging photometer has been developed and installed in the Air
Force Geophysics Laboratory's Airborne Ionospheric Observatory to monitor
auroral and airglow spectral emission features. The imaging system overcomes
many of the limitations associated with conventional photometric instrumentation
by combining adequate spectral, spatial and temporal resolution with sufficient
sensitivity to measure low-intensity emissions. In addition, the airborne capabil-
ity achieved with the Airborne Ionospheric Observatory provides complementary
geophysical measurements (ionosonde, scanning photometer, spectrometer, all-
sky camera and VHF /UHF satellite receivers), ensures good visibility and allows
access to remote geographical areas.

Airborne expeditions were conducted in March 1977 and March 1978 at equa-
torial latitudes to investigate the characteristics of large-scale F-region irregu-
larities. The primary purpose of these expeditions was to relate specific features
of the equatorial ionosphere to the occurrence of amplitude fluctuations (scintilla-
tions) on satellite-to-ground and satellite-to-aircraft VHF and UHF transmissions.

Optical imaging measurements were performed with the objective of identifying

(Received for publication 21 September 1978)




airglow structures which are associated with F-region (electron density) irreg-
ularities, and to determine ionospheric conditions in the vicinity of a transiono-
spheric 250 MHz signal ray path, These measurements showed the extstence of
north-south aligned depletions or regions of dec reased intensity in the 6300 A and
5377 A Ol airglow.

Initial results from measurements within a few degrees of the magnetic equa-
tor (Weber et nl)l show that these depletions have east-west dimensions ranging
from 50 to 200 km, with fine structure as small as 2.5 km (instrumental resolution
at 250 km altitude) and often extend greater than 1200 km north-south. The
depletions appear after sunset and drift toward the east with speeds of 50-150 m/s
during the local evening hours. Simultaneous i{onosonde measurements showed
that the depletions are accompanied by strong spread I, and are characterized by
an increase in the virtual height of the F-layer (h'F). The airglow and ionosonde
measurements resulted in a description of these depletions as corrugations or
height variations in the bottomside of the F-layer,

Buchau et a12 have shown, for one example, that airglow depletions are the
optical signature of 3 m ionospheric irregularities, or plumes, measured by the
Jicamarca 50 MHz backscatter radar. These plumes are thought to result from
the development and upward propagation of low density bubbles in the equatorial
F-region (Woodman and La Huz: ). The relation of airglow depletions to amplitude
scintillations on transionospheric communication links has been examined by
Buchau et al. ’ Passage of an airglow depletion through the signal ray path pro-
duces intense amplitude scintillation (often >20 dB at 250 MHz), and this implies
the existence of kilometer size irregularities within the depletions.

A unified description of these equatorial disturbances has emerged from the
combination of photometer, ionosonde, 50 MHz backscatter and scintillation meas-
urements. The airglow depletions are the optical signatures of regions of low
density, upward drifting plasma in the nighttime equatorial ionosphere. The region
is confined in the east-west direction to widths of 50 to 200 km, but extends along

entire magnetic flux tubes in the north-south direction. Within these regions,

1. Weber, E.J., Buchau, J., Eather, R.H., and Mende, S.B. (1978) North-
south aligned equatorial airglow depletions, J. Geophys. Res. 83:712,

2. Buchau, J., Weber, E.J., and McClure, J. P, (1978a) Radio and optical
diagnostics applied to an isolated equatorial scintillation event, Proc,
Ionospheric Effects Symp., Arlington, VA,

3. Woodman, R.F., and LaHoz, C. (1976) Radar observations of F-region
equatorial irregularities, J. Geophys. Res. 81:5447.

4. Buchau, J., Weber, E.J., and Whitney, H.E. (1978b) New insight into
ionospheric irregularities and associated VHF/ UHF scintillations.
Proc. AGARD Conf., Digital Communications in Avionics, Munich,
Germany.
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tonosphertc trregularities with scale sizes from 3 m to 10 km give rise to 50 MHz
backscatter, scintillations and spread ¥, This paper will present a review of the !
various tonospheric measurements conducted in March 1977 and March 1978 which

were used to areive at the current description of equatorial ionospheric depletions,

2. ALLSKY IMAGING PHOTOMETER

An all-sky imaging system, similar to one for ground-based cbservations -‘
(Mende et 31)5 was developed for airborne operation. The optics (Figure 1) employ
a 155" field of view and are telecentric in design, ensuring the same size light |
cone at focal plane for each point in the field of view, thus allowing narrowband |
interference filters to be used. At full aperture of 1.4, 25.3. filters can be used.
Four such filters mounted on a filter wheel allow sequential measurements for the

most important airglow emissions.

E 1J1J K

ALl Sky Lens  (155%)

¥ ¥ L. Auxilliary Lens (HlsTonvex)
Narrow fand Interference Fllter

?* F.L. Lens (Plano-Convex)
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vVaro Imace Intensifler (lLow £81)

T ot

Fibre Optics Counling
Westinghouse LLL SEC TV Tube

ReawmXligm 3 32>

Figure 1. All Sky Imaging Photometer Optics Schematic

5. Mende, S.B., Eather, R.H., and Aamodt, E. K, (1977) Instrument for the
monochromatic observation of all sky auroral images, Appl. Opt. l§:1691.
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The atrglow field is then re-imaged onto the faceplate of a two-stage image
intensifier that is fiber-optically coupled to a low light level SEC (Secondary
Emission Conductivity) TV tube, This is a charge-integrating tube that allows for
time exposures of up to 3 sec at room temperature,

Sequential pictures at different wavelengths are recorded on a time-lapse
video tape recorder (see system block diagram in Figure 2) and temporarily
stored on a multi-track video disc that is v 2d to drive four black and white TV
monttors and a red-green-blue (RGB) color monitor that continuously display the
last picture taken through each filter. These pictures are continually updated as
the filter wheel rotates through the four-filter sequence,

An absolute intensity reference is supplied by a (‘H radioactive light zource
that is imaged on the corner of each frame. Date, time, and filtering information
is binary encoded on each picture, and date and time are also presented numerically
on each picture.

The time and control sequencing for the instrument is provided by a fully pro-
grammable, special-purpose sequencer that controls the mechanical operation,
exposure time, high voltage appropriate for each filter, distribution of video sig-
nals to appropriate discs, and camera exposure, Preprogrammed exposure
sequences allow rapid change of operational modes appropriate to changing con-
ditions,

Certain modifications have been made to the disc for aircraft use, to ensure
proper operation and to prevent damage at take-off or landing. The complete
instrument has been shock mounted, and the record/playback heads have mechan-
ical lifters that remove the heads from the disc for take off and landing,

A summary of system operational parameters is given in Table 1,

For measurement of the low latitude airglow, four 6300 A images and two
5577 A images were made each minute. Both wavelengths were recorded on video
tape. The 6300 A images were also used to drive the red gun of the RGB monitor
which was photographed with the time lapse 16 mm movie camera on color film,
The resulting movie format proved extremely useful in detecting fine structure
within the airglow images, as well as displaying drift motion of the airglow struc-
tures. To maximize signal to noise, the images were all made with a 2 sec inte-
gration time, and tube high voltage was adjusted to achieve properly exposed
images. At the high voltage settings used, the dynamic range of the images was
~ 25 to 250 R for weak airglow levels and ~ 60 to 600 R for bright airglow.

10
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Table 1.

Summary of System Specifications

Field of View
Pass Band
Resolution
Spectral Response
Picture Storage

Tube Gain

Threshold Sensitivity

Dynamic Range

Flatness of Field
Repetition Rate

Temporary Storage

Permanent Storage

Process Controller

Display Systems

Real-Time Display

Character Generators

Digital Encoding

Flight Heading

25A at f1.4; 5A at 8

1/2° zenith, 2° horizon

S-20, exceeding 100 yA /lumen

No detectable degradation for up to 3 seconds

Photon noise granularity visible above tube
noise

20 R at 2 sec exposure
1 kR at 30 frames /sec

20 R to 10 kR covered by 3 preset High Volt-
age settings

30 percent loss at edge of field
Typically 20 sec for complete filter cycle

Video disc, three video tracks, one sync
track

Video tape deck, time-lapse type (9 hour
recording time on a single reel); 16 mm
and 35 mm time-lapse cameras

In-field programming capability

Four black and white monitors, 9 in. diagonal;
color monitor, RGB and A minus B input,
12 in. diagonal

Simultaneous fully registered display of three
filter channels, Capability of displaying
the difference of any two pictures. Display
of two or three filters as pseudo-color on
RGB monitor

Date /time display on each frame for frame
identification

Digital encoding of time and housekeeping
data for computer-controlled data handling

Digital display of flight heading for recording
(three digit BCD TTL compatible)




3. RELATION OF ISOLATED AIRGLOW DEPLETION TO
IONOSPHERIC IRREGULARITIES

3.1 Airglow

In addition to the large scale "intertropical arcs" observed by Barbier at low
latitudes in the African sector (Barbier, ¢ and Barbier et al7), medium scale air-
glow structures have also been investigated for many years. Stelger8 and
Van Zandt and Pe!erson9 measured localized enhancements in the 6300 A OI air-
glow which take the form of patches, east-west arcs and north-south ridges.
These measurements were made with conventional filter photometers performing
azimuth scans at several zenith angles. A map of airglow intensity contours is

produced by combining all of the scans for an assumed emission height. Because e

of the large amount of data required to produce a detailed contour map using this
technique, practical considerations limit the zenith angle increments (spatial
resolution) to increase the temporal resolution. The measurements of Van Zandt
and Petersong achieved ~ 150 km (radial) resolution (at 250 km altitude) with
successive 6300 A maps separated by 15 min, While this resolution is sufficient
to map large scale structures in the night airglow, it is insufficient for a detailed
description of medium scale structures and drifts. The all-sky imaging photom-
eter used in the present study overcomes these resolution limitations. Figure 3 is
an example of a 6300 A airglow image (photographed from the tape-recorded video
frame) using a 2 sec integration time, The grid lines are magnetic meridians at
12 increments for an assumed emission height of 250 km. Care must be exercised
in the interpretation of features near the edge of the field of view. Although the
van Rhijn effect tends to increase the apparent airglow intensity at large zenith
angles (a factor of 2.7 for 75° zenith angle at 250 km emission height), the wide

angle lens suffers serious vignetting toward the edge of the field of view (a factor , ‘

of 3.3) (Mende et 815). The two effects act in opposition, but vignetting exceeds

van Rhijn enhancement at the edges, often resulting in a perceptible dark band |

around the image for the weak airglow features under consideration. The narrow

north-south striations about 1/20 west of zenith are the three wires of the ionosonde f i

antenna which stretch above the all-sky lens. Bright airglow fills the portion of

6. Barbier, D. (1961) Les variations d'intensite la raie 6300 A la luminescence
nocturne, Ann. Geophys. 17:5.

7. Barbter, D., Weill, G., and Glaume, J. (1961) L'emission de la raie rouge
du ciel nocturne en Afrique, Ann, Geophys. 17:305.

8. Steiger, W.R. (1967) Low Latitude Observations of Airglow, in Aurora and
Airglow, edited by B.M. McCormace, p. 419, Reinhold, New York.

9, Van Zagdt, T.E., and Peterson, V.L. (1968) Detailed maps of tropical
6300 A nightglow enhancements and their implications on the ionospheric
F2 layer, Ann. Geophys. 31:747.




ALL SKY PHOTOMETER IMAGE

O400UT |7 MARCH 1977

Figure 3. Example of an All Sky Photometer Airglow Image Showing a North-
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south Aligned Depletion. The grid lines are magnetic meridians at 1° inter-

vals. The ground projection, assuming 250 km emission height is also shown

N 0O s
the sky from overhead to the western horizon and from 2° east of the aircraft

zenith to the eastern horizon. Several stars are also visible in the image.

phenomenon which was routinely observed at low latitudes and is a result of de-

creased ionization below ~ 300 km,

Figure 3 gives an indication of the size of the field of view and the orientation and
dimensions of the airglow depletion, about 165 km east-west and 1200 km north-

south,

The airglow depletion shown in Figure 3 drifted from west to east across the
entire 1200 km field of view of the imaging system,
Figure 4 which shows airglow images for the flight period in 15 min intervals.
This flight consisted of a series of short north-south legs along a magnetic merid-
fan 300 km west of Lima, Peru. All images have been reoriented with magnetic
north at the top, and east to the left. The images between 0100 and 0200 UT show
a low-level, unstructured glow (~ 60R) with some enhancement to the south due to
increased emission from the equatorial edge of the Appleton anomaly, The Milky
Way is visible in the 0100 to 0145 UT images as a slight enhancement aligned in
the SE-NW direction. The airglow depletion is visible on the western horizon as
early as 0200 UT. During the next 150 min, the depletion drifts toward the east
at ~ 92 m/sec and leaves the field of view by 0445 UT,

The ground projection on the right side of

14

The
dark north-south band or airglow depletion between the two bright regions is a

This motion is evident in

When directly overhead




Figure 4. All Sky (155 Field of View) 6300 A OI Airglow Images at 15 min Inter-
vals From 0100 to 0545 UT, 17 March 1977, The grid indicates the projection of
magnetic longitudes, at 1°© intervals, for an assumed emission height of 250 km.
The black and white dots represent the location of approaching and receding
oblique F-region ionosonde backscatter returns, respectively

at 0330 UT the depletion is 165 km wide. Generally, the eastern or leading edge
of the depletion is closely aligned along a magnetic meridian. The subject of
alignment will be considered further in Section 5.

3.2 lonosonde

Simultaneous measurements from the aircraft ionosonde help define the bottom-
side ionospheric (electron density) structure responsible for the airglow depletion.
Figure 5 shows the virtual range of overhead and oblique F-layer echoes for the
period of interest.

The range changes of the oblique echoes suggest the approach and recession
of scattering fronts associated with the airglow depletion. For comparison, the
estimated location of the scatterers, determined from the measured range to the
oblique echoes, assuming a height of 250 km are indicated as dots on the airglow
image in Figure 4. The white dots indicate range to approaching echoes and the
black dots indicate the receding echoes. This comparison shows that the approach-
ing echo is associated with the trailing (western) edge of the airglow depletion while
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220 km

L 1 1 l \ 1
0200 0220 0240 0300 0320 0340 0400 0420 uT

Figure 5. Model of an Eastward Drifting Bottomside Ne Depletion or Corruga-
tion Based on Observed Ionosonde and Airglow Parameters. The measured
ranges of oblique returns and the virtual height of the overhead F-region are
compared with range-height changes expected from the passage of the model
bottomside structure over the ionosonde

the receding echo is associated with the leading (eastern) edge. A simple bottom-
side model, also shown in Figure 5, has been postulated to explain the airglow
depletion and the observed ionosonde returns. A bottomside electron density
depletion, having the same width and drift velocity as the airglow depletion, would '
produce oblique echoes, using geometric considerations only, via ray paths bl |

and b2. The ranges to oblique and overhead echoes via ray paths bl and b2 are i

shown as solid lines in the lower part of Figure
parison with the data shows good agreement, considering the uncertainty of the

5 for the assumed model., Com- L

actual ray paths.

3.3 VHF Backscatter Radar

The 50 MHz Jicamarca Backscatter Radar, in Peru, was operated during the
aircraft flight to determine the relationship between F-region irregularities meas-
ured by the radar, airglow depletions, and amplitude fluctuations on satellite signals.

16




I'he 50 M radar has been used to study the equatorial tonosphere for several
years.,  OF direct interest to the present studies are observation of "plumes' o
low electron density bubbles which develop after sunset i the lower I oregion and

iubsequently propagate upward, sometimes ceaching 1000 ko altitude (Woodman

.
]
and La Hoz), ‘The strong backscatter echoes which result from these plumes .
mdicate the presence of wnospherie wregulavities with three meter sceale size, |
)
Uhe 50 M2 backscatter range-time-intensity plot (Figure 6, Buchau et al™)
shows the time history of the development or deift of 3 moircepularvities above -
Jicamarca, The fipure can be mterpreted etther as the time history of an east
ward deifting reregulavity region observed from a fixed location o, assuming a 3
rigid ionosphere, as an east-west cross section of such a replon, 1
.
4
f
- %
-
.
b
[ .
3
|
1
!

e W

I7 MARCH 1977

Figure 6. Range-time-intensity Map of lsolated F-region Disturbance Pas ing

Over the Jicamarca 50 MHz radar, The dashed lines represent the irvegularvity
cross section determined from atrglow and scintillation measurements., by and
Py denote the tracsionospheric ray path through the disturbed region at the be-

ginning and end of the associated scintillation event (from Buchau ot al®)
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Some irregularities are seen in the lower F-region from the beginning of the
observations until 0300 UT, Starting at 0357 UT the first echoes from an extended
region of irregularities are observed at 500 to 600 km height. This disturbance
eventually involves the whole F-region between 175 and 670 km, lrregularities in
the F-region below 500 km disappear between 0430 UT (500 km level) and 0450 U1
(200 km level), while some very weak irregularities above 500 km are observed
until 0535 UT. The relatively uniform diffuse background appearing at the lirst
digital level (0 to 6 dB above threshold) was caused by a computer malfunction, and
does not indicate the existence of a diffuse background of weak irregularvities,

To assess 0 Celation between the airglow depletion, the backscatter echoes
and 1onospheric irregularities which cause amplitude scintillation, the two dimen-
sional cross section derived from airglow and scintillation measurements is
superposed on Figure 6, The arrival time of the airglow depletion at the Jicamarca
meridian is 0410 UT. At a velocity of 92 m/sec, the 165 km wide airglow deple-
tion passed over Jicamarca in exactly 30 min. This determines the horizontal
extent of the cross section shown in Figure 6, Using appropriate elevation angles
for a ray path to the LES 9 geostationary satellite, (l’l and 1’2), the ray paths at
the onset and end times of the observed amplitude scintillations determine the
altitude limits of irregularities within the ionospheric cross section. This occurs
because the eastward drift of the irregularity region effectively moves the ray

: path from lower to higher altitudes through this region. As the figure shows, the
estimated volume is in general agreement with the observed backscatter cloud.
There is a discrepancy between the shape of the simple cross section based on

airglow and scintillation observations and the envelope of 3 m irregularities shown

in the figure. In this example, 3 m irregularities extend over a larger east-west 3
distance than is reflected in the airglow dimension, and over a smaller height s
range than suggested by the scintillation measurements,

From the combined airglow, ionosonde, 50 MHz backscatter and scintillation ' X
measurements for the isolated airglow depletion of 17 March 1977, Buchau et n12 13
concluded that all of these measurements are different aspects of the same phe- ‘
nomenon, a volume of reduced electron density, containing meter to kilometer ! 1
sized irregularities, extending throughout the entire F'-region causing scintillation '} d
on ray paths which intersected this volume. "i

|
4. MULTIPLE STRUCTURES "

In addition to the isolated airglow depletions, multiple depletions have also been ’

aaliatihe

observed with the all-sky imaging photometer. Figure 7 shows an example of four

depletions existing simultaneously within 6% of longitude, at 0445 UT, 20 March 1977

18
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Figure 7. 6300 A All Sky Photometer Image at
0445 UT, 20 March 1977 With Four Well-
developed Airglow Depletions

in the Peru sector. The location of the east and west edges of all the depletions
observed throughout this flight were determined from the photometer images and
are shown in Figure 8 together with the aircraft flight track. The figure clearly
shows the eastward drift of the depletions early in the evening, with a gradual de-
crease and eventual cessation of eastward drift by local midnight. There is also a
tendency, on this day, for depletions observed early in the evening (I and II) to be
considerably wider than those observed near midnight (III-VII).

The time history of the F-layer virtual height (h'F), determined from the
aircraft ionograms, is shown in the lower panel of Figure 8 to illustrate F-layer
height variations associated with the airglow depletions. An increase in the layer
height occurs as the aircraft passes under depletion I, II, III and V. These height
increases are 25 to 40 km, approximately the same as that observed for the
isolated depletion discussed in Section 3 and substantiate the earlier results of
Van Zandt and Peterson. ¢ The agreement between height variations and depletion
regions is not perfect, however, and this may be related to the inherent difficulty
of ionosondes to detect narrow electron density troughs or depletions (Lobb and
Tltheridgem).

10. Lobb, R.J., and Titheridge, J.E. (1977) The effect of travelling ionospheric
disturbances on ionograms, J. Atmos. Terr. Phys. 39:129.
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Figure 8. Ground Projection of the East and West Edges of Airglow Depletions
Observed During the Flight of 20 March 1977 to Illustrate the Eastward Drift, and
the F-layer Virtual Height Changes Associated With the Depletions

5. AIRGLOW DEPLETIONS AT ASCENSION ISLAND

The airglow measurements discussed thus far were made within a few degrees
of the magnetic equator near Lima, Peru to achieve close coordination with the
Jicamarca radar. As previously discussed, a primary objective was to measure

airglow signatures associated with the plasma depletions or plumes. The plumes
are thought to arise from a Rayleigh-Taylor type instability (Kelley et al, = and
references therein) which depends on a steep bottomside vertical density gradient

and a minimum altitude of the F2 peak (Ossakow et allz). These initial conditions
11. Kelley, M.C., Haerendel, G., Kappler, H., Valenzuela, A., Balsley, B.B.,
Carter, D.A., Ecklund, W, L., Carlson, C.W., Hausler, B., and
Torbert, R. (1976) Evidence for a Rayleigh-Taylor type instability and
upwelling of depleted density regions during equatorial spread F,
Geophys. Res, Letters 3:448.

12. Ossakow, S.L., Zalesak, S.T., McDonald, B.E., and Chaturvedi, P.K.
(1979) Nonlinear equatorial spread F: dependence on altitude of the F peak
and bottomside background electron density gradient scale length,

J. Geophys. Res. 84:17.
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lead to a positive growth rate tor the instability (Scannapieco and Ua‘aakuwl ) which

can then be initiated by naturally occurring electron density perturbations. Be- |

cause of the decreased volume emission rate of 6300 A« \(ll))) at high altitudes

(determined by the molecular oxygen profile), the minimum F-layer height re-
quired for plume formation also leads to very low airglow intensities. Thus, 1t
is highly unlikely that the development of plumes after sunset will be observed

through 6300 A atrglow near the magnetic equator.

During Mavch 1977 and March 1978, the AFGL Atrborne lonospheric Observa-
tory made 15 flights at equatorial latitudes beginning at sunset.  On none of these <
accasions was the actual formation of a depletion observed in the ambient airglow
layer, Rather, when the post-sunset wonosphere decreased in height (WE < 275 km), 1
airglow intensities icreased above the all sky photometer detection threshold

(~ 25R), and fully developed depletions became visible as dark bands in the ambi- "

ent airglow. On several occastons, the F-layer height remained above 75 km for

the entire night, and no aitrglow depletions were visible, even though plumes and

scintillations were observed,
On 10711 March 1978, a flight from Ascension lsland (7. 0vs, 14.4°W, 18Ys

Magnetic Latitude) designed to investigate the southern (poleward) extent of iono-

sphevie irregularities, and longitudinal variations (Basu et al“) in the km-size
irregularities provided considerable new information on the morphology of airglow
depletions,  The 6300 A tmages for this flight, at 10 min intervals, ave shown in
Figure 9. All images have been reorviented with magnetic north at the top and east

to the left, The flight track in Figure 10 shows the airceraft position and flight

- PO o L.

direction in both geographic and magnetic coordinates for comparison with the
fmages (n Figure 2. These measurements were made at higher magnetic latitudes
than those in the Peru sector and show several important features, The images
from 2100 to 2150 UT show the equatorward edge of the east-west aligned inter-
tropical arc or atrglow enhancement associated with the Appleton anomaly., This
edge 15 visible as early as 2020 UT; however, this image also showd some twilight
enhancement to the west,  Aiwrglow depletions, presumed to be an extenstion ot the
same phenomenon measured at the equator, extend into the mtertropical are, The
most southerly images at 0000 to 0020 UT show airglow depletions which extend
completely through and reach to the poleward edge of the arc,

The depletions are approximately aligned along magnetic meridians, The
alignment of airglow depletions may be important in understanding the develop-
ment phase of bubbles or plumes. Previous measurements have been unable to

13, Scamnapieco, A.Jd., and Ossakow, S, 10 (19768) Non-linear equatorial spread b,
Geophys. Res. Uetters 151

14. Basu, 8., Basu, 3, and Kahn, B, K. (1976) Model of equatorial scintillations,
for in situ measurements, Radio Sei, 11:821,
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Figure 10. Ground Track for the Flight of
10/11 March 1978

accurately determine alignment because of insufficient spatial resolution (conven-
tional photometers) or because the observing technique measured only the east -
west horizontal dimension at a fixed latitude (incoherent radar, satellite and
rocket detectors)., Theoretical studies (Ossakow et allzz Scannapieco and
Ossakowm) and models (Woodman and La Hoz3) consider plume development only
in the east-west and vertical dimensions. After a plume has developed, it is
reasonable to assume alignment along magnetic field lines in the absence of elec-
tric fields, and the photometric images confirm this alignment. During the initial
development phase, however, alignment may depend on the nature of the bottom -
side electron density fluctuation or perturbation which initiates the instability. If
the perturbation is the result of a natural gravity wave and the associated Travel-
ing Ionospheric Disturbance, the perturbation may be aligned with the terminator.
Also, ionospheric electric fields may result in alignment other than along magnetic
field lines (McC:. . et alls). Because of the large magnetic declination at

15. McClure, J. P., Hanson, W.B,, and Hoffman, J.H. (1977) Plasma bubbles
and irregularities in the equatorial ionosphere, J. Geophys. Res, 82:2650.

23

¥

el i A s s bl e e i




Ascension Island (20“\\'), a clear distinction between geographic and magnetic

alignment is possible. In this region, the photometer images show alignment

along magnetic field lines. Alignment determination in Peru was more difficult

due to the small declination (1E). There are cases where the poleward ends of

the depletions curve toward the west (depletion west of zenith at 0020 U'T'), This may
be the optical manifestation of the "westward' drift (with respect to the background

plasma) of plasma bubbles reported by McClure et al“’ using Atmospheric Explorer
ion drift measurements,

Variations occur in the maximum poleward extent of the depletions as seen in
the 2210 UT image. In this case, the two depletions in the center of the image
terminate at ~ 18” M. Lat., while the single depletion to the east extends to ~ 24°
M. Lat.

We propose that the ends of the airglow depletions represent the lower alti-
tude (~ 250 km) termination of plasma depletions, or bubbles and that through the
use of a suitable magnetic field model, the bubbles can be traced to lower magnetic
latitudes and to higher altitudes, The magnetic latitude reached by the end of the
depletion should thus map to the highest altitude reached by the bubble at the
magnetic equator. In the present example, the depletion terminating at -189 M.
[.at. traces to 780 km at the equator (IGRF 1975 magnetic field model) and the
depletion ending at -249\1, Lat. traces to 1290 km. In this longitude sector, there
is presently no means to verify these altitudes. However, they are well within the
height of ranges of bubbles observed at Jicamarca (Woodman and La ”073’.

Amplitude scintillations, measured during this period on the aircraft and at
Ascension show that the ends of the airglow depletions represent the poleward
limit of ionospheric irregularities of kilometer scale size. The magnetic longitude
of the east and west edges of airglow depletions observed during the flight are
shown in Figure 11. Also shown is the Ascension Island magnetic meridian and
the magnetic longitude of the aircraft flight track, The airglow depletions drift
from west to east through the aircraft zenith. The amplitude scintillation measure-
ments were made using the MARISAT geostationary satellite which was almost
directly overhead (elevation angle =>85"). The lower panel in Figure 11 shows the
scintillation index (a measure of the signal fluctuation) for this period, as deter-

» mined from the airborne satellite data.

L Scintillations begin as depletion I drifts over the aircraft, but continue after
the western edge has moved to the east of the aircraft. This effect has been
reported by Buchau et al4 and may be related to westward tilts in the topside of
the depletion region. Similar effects are observed for depletions [II and VI. Note

that depletion Il which terminated north of the satellite-to~aircraft ray path (see

Figure 9) was not associated with a scintillation event.

|
|
|
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Figure 11, Ground Projection of the East and West Edges of Airglow Depletions

Observed During the Flight of 10/11 March 1978, and the 250 MHz Scintillation
Index Measured on the Aircraft

Scintillations measured on the ground at Ascension were essentially identical
to those measured on the aircraft, except that depletion II, which passed directly
over Ascension resulted in a well defined scintillation event (J. Aarons, private
communication). Thus, the airglow depletions accurately map the regions con-
taining ionospheric irregularities, and these regions have a sharp boundary (within
~ 1. 5° of latitude) as they map down 'magnetic field lines from the equator to their
low altitude termination. Measurements are planned to investigate this aspect
further by simultaneously measuring airglow depletions and scintillations near the
low altitude termination of field lines which pass above the Jicamarca radar.
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6. ELECTRON DENSITY ESTIMATES FROM AIRGLOW MEASUREMENTS

Airglow intensity measurements provide a means for estimating the bottom-
side electron density within airglow depletions. Although other remote measure-
ments (ionosonde and VHF backscatter radar) map the location of depletions
through associated irregularities, they do not provide a quantitative measure of
ionization levels within the depletions.

Through the use of a simple model, airglow measurements can provide a
quantitative estimate of the average bottomside electron density structure for
comparison with other experimental observations and numerical models.

Airglow intensities were measured on the aircraft with a 1 m Ebert-Fastie
scanning spectrometer, and with a narrow band, tilting filter photometer. The
spectrometer views the zenith with a 4. 5% x 5° field of view; an area of 20 km X
20 km for an assumed emission height of 250 km. Because of the relatively large
spectrometer field of view, the tilting filter photometer (1. 6° field of view) was
used, when available, to map intensity changes across narrow depletions.

Following the method outlined by Noxon and Johamson,16 nighttime 6300108 air-
glow results from the following sequence of reactions:

k
0" $0; —m O3+ 0 (1)
+ 1
0, + e—w0('D) + 0 (@)
o(!p)—s 0CP) + hv (6300, 6364) 3)
o'p) + N, 19 00m N, (@)

The 6300 A volume emission rate is given by:

dI(6300) = (0.75 k, e [N_] [0,] /(1 + kQ[N2] /A)) dh (5)

1 1 1

cm® sec” » kg = 7.0 x 10711 o3

where k; e = 1.4 X 107} em® sec”!, A - 102 sec”

(see Noxon and Johamson”5 for a more complete discussion}. The N2 and 02

16. Noxon, J.F., and Johanson, A.F. (1970) Effect of magnetically conjugate
photoelectrons on OI (6300 A), Planet. and Space Sci. 18:1367.
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concentrations are obtained tfrom the 1977 Jacchiu  model atmosphere, The
measured 6300 A column emission s then given by:

h,

(6300 / ardn . (6)

hl

According to Markham et al, 18 variations in 6300 A intensity over +15° of
latitude near the magnetic equator are due to changes in the electron concentration,
and not to variations in the atmospheric molecular concentration,  For the present
work, we assume that all of the 6300 A emission is produced in the altitude range
from 350 km down to the base height of the F-layer, h'l, measured by the aivcraft
tonosonde, and that spatial variations in the airglow are due to spatial variations
in the electron concentration within the same altitude range. This altitude range
is appropriate, since above 350 km, the decreased concentration of O, leads to
decreased emission, and below h'F (220 km minimum measured) quenching of
O('D) by N, becomes important, Also, the equatorial ionosphere exhibits a steep
lmttnn\side-_grtullc'm in the evening (Farley et ulw) and the electron concentration
below h'EF is greatly diminished. In regions where O is the dominant ion (above
~ 210 km), l().! [Ne] and the steep bottomside gradient in 0" leads to decreased
production of O('D) below h'E through reactions (1) and (2). As an approximation,
the measured virtual base height, h't, has been used as the true base height,
hmin I, since spread I conditions and the 2 MHz low frequency cutoff of the airv-
borne tonosonde prevent determination of the actual base height through true height
analysis. Because of the steep bottomside gradient, however, substitution of h'}
for hmin I' results in only a small error.

To derive the average electron density over the height range h'l to 350 km,
we replace [Ne] in equation (8) by an average electron density, (Nv‘\, which does

not vary over this altitude range, Here (Ne) is defined as:

350
(Ne) = [Ne] dh (350 = h'1) (WA
h'K

17, Jacchia, L.G. (1977) Thermospheric temperature, density and composition
New models, Smithson, Astrophys. Observ. Spec, Rept. 375,

18. Markham, T.P., Buchau, J., Anctil, R, E,, and Noxon, J.F. (1965) Airborne
study of equatorial 6300 A nightglow, J. Atmos. and Terrestrial Phys. 37:65,

19, Farley, D.T,, Baliley, B, B,, Woodman, R.F., and McClure, J. P, (1970)
Equatorial spread F: implications of VHF radar observations, J. Geophys.
Res. 75:7199, il
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Figure 13. Ground Projection of the Airglow Depletions, 6300 A
Zenith Intensity, F-layer Virtual Height and Calculated Average
Bottomside Electron Density for the Flight of 10/11 March 1977
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The average electron density is then related to the measured 6300 A intensity

through: ‘

350
(Ne) = I(6300) (0. 75 kl € [()2] /(1 + kQ[N2] /A)) dh (8)
h'F

The average density has been calculated for two flights previously discussed £
20 March 1977 near the magnetic equator and 10/11 March 1978 within the M
Appleton anomaly. Figure 12 shows the location of the airglow depletions, the {
zenith 6300 A intensity, the F-layer base height, h'F, and the calculated average
density, (Ne), for the flight of 20 March 1977. The average density varies by a
factor of ~3 from outside to inside the airglow depletions (~ 66 percent depletion),
provided the depletions are wide enough to be resolved by the optical measurement:
Depletions I and II are clearly resolved, while depletions III, IV and V are only
partially resolved. Figure 13 shows the same parameters for the flight of 10/11
March 1978, which ranged from -12° to -22° magnetic latitude within the Appleton
anomaly, Although the background electron density outside the depletions is much
larger on this flight (compared with the flight of 20 March 1977), the airglow deple
tions are still characterized by a decrease of a factor of ~3 in average density,

The average density calculated from the airglow and ionosonde measurements
can be considerably less than the peak density in the F-layer. The difference
arises when the F peak is above 350 km where these electrons contribute very little
to the 6300 A emission. Under conditions where the bottomside gradient is very
steep and the F-peak is below 350 km, the average density will more closely
approximate the actual conditions. In spite of this limitation, this technique pro-
vides a means to remotely estimate the bottomside electron density for extended

periods.

7. NORTH-SOUTH SYMMETRY

A flight from Ascension (7.9808, 14.42°W, -18° M. Lat.) to Zanderij, Surinam
(5.45°N, 55.18°W, +15° M. Lat.) on 12 March 1978 provided the opportunity to
observe ionospheric and airglow structures north and south of the magnetic equator
within a 5 hr period.

The two images shown in Figure 14 summarize the main result from this flight:
airglow depletions are symmetric about the magnetic equator. The figure shows
images made north and south of the magnetic equator. The image at 2245 UT shows
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Figure 14, 6300 A Airglow Images North and South of the Magnetic Equator
on 12 March 1978

airglow depletions within the southern intertropical arc extending toward the equa-
tor. Airglow intensities fall below the detection limit by -12°% to -10° M, Lat., due
to the increase in altitude of the F-region toward the equator. The airglow struc-
tures in the 0145 UT image are essentially the reverse of those in the 2245 UT
image; airglow depletions are present within the northern intertropical arc and
extend toward the equator. Thin clouds were present above the aircraft at 0145 UT
which make the airglow structures less distinct, although the overall pattern is
evident. Amplitude scintillation measurements made on the aircraft show that
ionospheric irregularities, resulting in UHF amplitude scintillations between 25
and 30 dB were present above the aircraft throughout the period 2245 to 0145 UT.
Ionosonde measurements made throughout the flight show the existence of
bottomside electron density depletions across the entire observation region from
14° South to over 12° North magnetic latitude. The existence of these structures,
which were similar to the isolated bottomside depletion observed on 17 March 1977
(described in section 3.2 and Figure 5), could easily be observed on the time-lapse
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16 mm ionogram movie. Because of the large number of airglow, and thus bottom -
side depletions which were observed, approaching and receding echoes from the
individual depletions often occur at the same virtual range. Because of these
superposed oblique echoes, the motion of the individual scattering fronts could not
be deduced from the individual ionograms, A technique which displays virtual
range vs time for a single frequency clearly shows the motion of the individual
depletions throughout the flight. The three panels in Figure 15 were produced by
by cutting narrow (~ 100 KHz) strips from the individual ionograms at the indicated
frequencies. The sequence of strips thus shows the virtual height and backscatter
range of echoes at the selected frequencies throughout the flight. The figure shows
that the F-layer virtual height (h'F) was found at ~240 km at the beginning of the
flight, slowly increased to >320 km as the aircraft approached the magnetic equa-
tor, and then decreased to ~275 km by 8° North, and remained at this height for
the remainder of the flight. These height variations resulted in the changes in
airglow intensities discussed above, Of significance to the continuity of the deple-
tions are the backscatter branches, In general these appear as echoes approaching
the aircraft at the lower frequencies (3.0 and 3.5 MHz); while receding echoes are
simultaneously observed at the higher frequencies (5.5 MHz). Comparison of
Figure 14 with Figure 4 suggests that depletions similar to that observed on

17 March 1977 were observed continuously during the flight, even when the absence
of airglow did not permit their optical documentation.

The structure ranges from a large number of smaller depletions between 2145
and 2330 UT, to fewer, but better defined depletions while crossing the magnetic
equator. During the final segment of the flight north of the equator, the traces
again show smaller, less well defined structures. From this single flight, how-
ever, it is not possible to determine if the suggested change in irregularity struc-
ture reflects temporal or latitudinal variations.

The frequency dependence of the backscatter which appears as larger amplitude
echoes at lower frequencies for approaching fronts (trailing edge of depletions),
and at higher frequencies for receding front (leading edges) may be due to a differ-
ence in structure of the two edges as reported by Rottger, s

From the relationship between airglow depletions and ionospheric irregular-
ities previously discussed, we infer that ionospheric bubbles or plumes extend
continuously across the magnetic equator and involve entire magnetic flux tubes,
The low altitude (higher latitude) ends of these plumes are made visible through
the associated airglow depletions, while the high altitude (lower latitude) portion
can often only be detected with ionosonde, amplitude scintillation, backscatter

20. Rottger, J. (1973) Wave-like structures of large scale equatorial spread-F
irregularities, J, Atmos, and Terrestrial Phys, 35:1195.
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Figure 15, Virtual Range vs, Time Plots at Selected bre-
quencies to Show Range Changes Assoctated with Electron
Density Depletions

radar and in situ plasma measurements, Dyson and lh-n:anurl have recently shown
the magnetic field alignment of plasma depletions using topside sounder measure -
ments. From the ionogram traces two-dimensional structure along field lines, as
well as electron density distributions characterizing the depletions, have been de-
termined.

In a recent paper, Szuszcezewic? 3% discussed the need for containment of
plasma depletions along the direction of the magnetic field to limit the North-South
extent, In view of the airglow measurements presented in this paper, and t.e

21 : .
sounder measurements of Dyson and Benson, there is no need for containment

parallel to the magnetic field, since the depletions extend along the entive flux tube,

21. Dyson, P.L., and Benson, R.F, (1978) Topside sounder observations of
equatorial bubbles, Geophys. Res, Letters 5:795,

22, Szuszczewicz, E, P, (1978) lonospher \\ hoh‘-a and equatorial spread ¥
chemistry and transport, J. Geophys. Res, 83:2665,
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8. SUMMARY AND DISCUSSION

From the combined optical and ionospheric measurements conducted as part
of the AFGIL. equatorial scintillation studies, a more complete description of equa-
torial ionospheric processes has emerged. The optical measurements provide a
two-dimensional bottomside view of the ionospheric bubbles or plumes which
extend into the topside ionosphere and across the entire equatorial region. The
bubbles are regions of low electron and ion density that result from bottomside
instabilities which propagate upward through the F-layer peak, often reaching to
1000 km altitude. Within these regions, ionospheric irregularities with scale
sizes from 3 m to 10 km give rise to 50 MHz backscatter, VHF amplitude scintilla-
tion and spread F.

From combined airglow and ionosonde measurements, the average bottomside
electron density has been determined, inside and outside several airglow deple-~
tions. The results of these calculations show typical depletions of ~ 66 percent,
near the magnetic equator as well as near the southern Appleton anomaly. The
magnitude of these depletions agree with the measurements of Dyson and Benson, o
and Kelley et alll; and the numerical simulation of Ossakow et al. " They are,
howevox:, much less than the large depletions of up to three orders of magnitude
reported by McClure et al, A8 using AE-C ion density measurements.

Current experimental measurements and numerical simulations lead to differ-
ent descriptions of the structure of the bottomside ionosphere within a depletion

21 is a depletion with limited

region. The picture presented by Dyson and Benson
vertical thickness. This implies that the bottomside ionosphere is filled-in below
the depletion at all latitudes except where the flux tubes containing the depletion
map to low altitudes. In the example presented by Dyson and Benson21 (their
Figure 4), the associated airglow depletion would be expected over a limited lati-
tude range of ~300 km, where the plasma depletion maps into the bottomside.
Measurements presented in this report show that airglow depletions often extend

for 3000 km in the North-South direction, implying an absence of bottomside plasma
over similar dimensions., From the airglow measurements, we conclude that the
bottomside remains depleted of plasma as the top of the depletion rises to high
altitudes. Since single airglow depletions have been monitored by aircraft meas-
urements for over two hours, the bottomside remains depleted over a similar time
scale. s

L show the absence of bottomside

The numerical simulations of Ossakow et al,
plasma in their examples of plasma density depletion (bubble) formation. In some
cases, even after ~3 hours, the largest percentage depletion, compared to the

background ionosphere, occur below the F peak. Using East-West dimensions of
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~ 100 km in the models (Zalesak et 8123) which more closely resemble the ob-
served depletions, the electron density profiles from the numerical simulations
would produce airglow depletions similar to those observed,

23. Zalesak, S.T., Ossakow, S.L., McDonald, B.E., and Chaturvedi, P.K.

(1978) Spatially large equatorial spread F Bubbles (abstract), EQS Trans.
AGU 59:345,
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